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ABSTRACT 
Particulatematter (PM) inMasterton,New Zealand, a rural communitywith a population of 20 000,was studied
duringthewintertogainanunderstandingofthecarbonaceousspeciesandtheirinfluenceonPMconcentrations.The
averagePM10concentrationduring thewinterwas21.0±14.8μgm–3,ofwhich64%wasPM2.5.PM2.5concentrations
werefoundtobethemaincauseofelevatedPM10concentrations,andwereresponsibleforexceedancesoftheNew
ZealandNationalEnvironmental Standard forPM10.Carbonaceous specieswere47and77%of the totalPM10and
PM2.5, respectively.Organic carbon (OC) concentrationswerealwayshigher thanelemental carbon (EC) concentraͲ
tions.OCandECconcentrationsshowedexcellentcorrelationwithPM2.5concentrations,suggestingthatcombustion
processeswerethedominantsourceofPM.Stableisotopeanalysisyieldedɷ13Cvaluesrangingfrom–24.9to–27.6‰,
which is indicativeofwood combustion.Analysisofparticle–phasePAHsby thermaldesorptionGC/MS yieldedan
average totalPAHconcentrationof38.9±25.9ngm–3,accounting for0.3%of thePM2.5.Analysisofallof the results
revealedthatresidentialwoodburningfordomesticheatingwasthemainsourceofPMpollutioninMasterton.The
resultsofthisstudysuggestthataPM10standardalone,particularlyinareaswherewoodcombustioniscommon,may
notbeprovidinganadequatelevelofprotectionfortheexposedpopulation.
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1.Introduction

Atmospheric pollution due to carbonaceous aerosols has
importantimplicationsforglobalclimatechangeandhumanhealth
(Nel,2005;RussellandBrunekreef,2009;PosfaiandBuseck,2010;
Chow et al., 2011). The primary components of carbonaceous
aerosols are organic compounds like aliphatic hydrocarbons and
polycyclic aromatic hydrocarbons (PAHs) (Jacobson et al., 2000),
elemental carbon (EC) produced as a by–product of incomplete
combustionandinorganiccarboncompounds(mainlycarbonates).
Avarietyofanalyticalmethodsareavailableforthequantification
oforganiccarbon(OC)content,ECandthetotalamountofcarbon
presentinanaerosolsample.

The emission of PAHs to the atmosphere is of particular
concern, sincemany are known or suspected to be carcinogens
andmutagens(IARC,1998).Benzo[a]pyrene(BaP),forexample, is
classifiedasaprioritypollutantandNewZealandhasanambient
airqualityguidelinevalueof0.3ngm–3(annualaverage).ResidenͲ
tialwood combustionhasbeen shown tobe themost significant
sourceofPAHs inmany countries around theworld (Celiset al.,
2003;Leeetal.,2005; Junninenetal.,2009).Ambientairquality
monitoring inthetwo largestcities inNewZealand,Aucklandand
Christchurch,has revealed thatBaP concentrations canbehighly
elevatedduringwintermonths,whenwoodburningforresidential
heatingiscommon(Cavanaghetal.,2009).

Particulatematter(PM)concentrationsinNewZealandurban
environments have been shown to have distinct diurnal cycles,
independentof community sizeorpopulation (Trompetteretal.,
2010),withpeakPMconcentrationsoccurringduringthewinter.In
an effort to identify the sources and factors contributing to PM
pollution episodes during the winter, an intensive monitoring
campaignwasundertaken inMasterton,NewZealandduring the
winter2010 and furtherdetailsof the campaignhavepreviously
been reported (Ancelet et al., 2012).Masterton is a rural town
located on a flat river plainwith a population of approximately
20000.Wood burning is common for residential heating during
the winter in Masterton and exceedences of the New Zealand
NationalEnvironmentalStandard(NES)forPM10of50μgm–3occur
numeroustimesoverthewinter.

This work focused on the analysis of carbonaceous PM2.5
collectedduringthesamplingcampaign.Theanalysesincludedthe
quantificationofOC,ECand totalcarbon (TC)by the IMPROVEA
thermal/opticalprotocol and thequantificationofparticle–phase
PAHs.Carbonisotopeanalysiswasalsousedinanefforttoassess
possiblesourcesofthecarbonaceousaerosol.

2.Methodology

2.1.Samplecollection

Ambient airmonitoringwas conducted on the grounds of a
secondaryschool,WairarapaCollegeinMasterton(Figure1),atan
ambient air qualitymonitoring station operated by the Greater
WellingtonRegionalCouncilsinceOctober2002.Co–locatedatthe
sitewasacontinuousPM10(FH62;ThermoScientific)analyzer.The
sitewasat least150m from thenearest roadandapproximately
1kmfromthecentralbusinessdistrict.Thelandaroundthesiteis
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flat and surrounded by open space or school and residential
buildingsnomorethantwostorieshigh.

Particulate matter samples were collected with two co–
locatedGent samplers, one employed a stacked filter unit (SFU)
with coarse (PM10–2.5)Nucleporepolycarbonatemembrane filters
(Whatman;4μmporediameter)andfine(PM2.5)quartzfiberfilters
and the second employed a SFU with coarse Nuclepore
polycarbonatemembranefiltersandfineTeflonfilters(Maenhaut
et al., 1993). Polycarbonate and Teflon filterswere pre–weighed
andusedasreceived.Quartzfiberfilterswerepre–firedat900°C
inamufflefurnacefor6hoursandwerewrappedinaluminumfoil
priortouse.Co–locatedsamplerswereutilizedinanefforttomore
accurately determine fine particlemass, since quartz fiber filters
are well–known to display both positive and negative sampling
artifacts, making the measurement of an accurate gravimetric
massdifficult(Turpinetal.,2000;Maderetal.,2001;Vianaetal.,
2007). Themonitoring program ran fromMay–June 2010 and a
totalof35PM2.5andPM10–2.5filterswerecollectedfrommidday–
midday on dayswith little or no rain over the sampling period.
Oncesampleshadbeencollectedtheloadedfilterswerestoredin
afreezer(–30°C)untilanalysis.

2.2.Carbonanalysis

Filterpunches(8mm indiameter)fromallofthefine(PM2.5)
quartz filterswere analyzed for OC and EC in the laboratory of
PhilipHopkeatClarksonUniversityusingtheIMPROVEAprotocol
withaDRIModel2100 (Atmoslytic Inc.,Calabasas,CA) (Chowet
al.,2007).

Carbonstableisotopeanalysiswasconductedusingelemental
analysis–isotoperatiomassspectrometry(EA/IRMS)bytheStable
Isotope Laboratory at theNational Isotope Centre inGracefield,
New Zealand. A description of the protocol used has previously
beenreported(Anceletetal.,2011a).Briefly,usingaGVIIsoPrime
mass spectrometer and leucine as a working standard, sample
punches (11mm in diameter) were combusted at 850°C under
continuous flow.TheresultingCO2wasanalyzedby IRMStoyield
ɷ13CvaluesandTCconcentrationscouldalsobedeterminedusing
MSsignalintensities.

2.3.PAHanalysis

The concentrations of sixteen PAHs classified as priority
pollutantsby theUnitedStatesEnvironmentalProtectionAgency
(USEPA)andretene(awoodcombustiontracer)weredetermined
using thermal desorption/GC/MS (TD/GC/MS). The analysis of
PAHsinparticulatematterusingthermaldesorptionhaspreviously
beenshowntoprovidecomparableresultstoUSEPAmethodTO–
13A in the analysis of a NIST standard reference material
(SRM1649a) (Watermanetal.,2000;FalkovichandRudich,2001;
Batesetal.,2008).Adetaileddescriptionof theprotocolused in
this study has previously been reported (Ancelet et al., 2011a).
Briefly,11mmpunchesof loaded filterswereplaced in stainless
steel cups (Frontier Lab) and spiked with naphthalene–d8,
phenanthrene–d10 and pyrene–d12 obtained from Aldrich. Once
spiked the samples were thermally desorbed at 300°C for 3
minutesandthedesorbedanalytesweretrappedusingacryotrap.
Oncethedesorptionstepwascompletesampleswerereleasedto
the GC/MS. Excellent linearity (r2ш0.97) was obtained from
calibrations for all seventeen PAHs and limits of quantification
were 0.1ngm–3 for the PAHs analyzed. Analysis of multiple
punches from the same filter revealed that PAH concentrations
variedbylessthanthreepercentoverall.

Figure1.LocationofthesamplingsiteinMasterton.ThesiteisindicatedbyA.

 
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3.ResultsandDiscussion

3.1.PM,OC,ECandTC

TheaveragePM10concentration (determinedgravimetrically)
in Masterton over all days that samples were collected was
21.0±14.8μgm–3. This averagewas in excellent agreementwith
andnotsignificantlydifferent(p<0.05)thanthedailyaveragePM10
concentration from theco–locatedFH62operatedby theGreater
Wellington Regional Council (22.1±14.6μgm–3). Since the FH62
PM10measurements are used for compliancemonitoring, itwas
importantfortheconcentrationsdeterminedgravimetricallytobe
in excellent agreement because further analysis of the particles
collectedwould not bemeaningful if the particle concentrations
werenotinagreement.Overtheperiodsampled,twoexceedances
of theNESof50μgm–3occurred.Table1presentsasummaryof
theaveragePM10–2.5,PM2.5,OC,ECandTCconcentrations,aswell
asthepercentagecontributionofeachtoPM10.

Table1.AveragePM10Ͳ2.5,PM2.5,OC,ECandTCconcentrations±associated
standard deviations along with the percent contribution of each to the
averagePM10concentration
 Concentration(μgmͲ3) PercentofPM10
PM10Ͳ2.5 7.6±4.9 36.4
PM2.5 13.4±9.9 63.6
OC 6.5±4.7 30.9
EC 3.4±2.7 16.2
TC 9.9±7.4 47.1

FromTable1itisevidentthatPM2.5concentrationsduringthe
study were themost significant contributor to PM10 concentraͲ
tions, contributing on average, 64% to the measured PM10
concentrations. This high PM2.5 contribution demonstrates that
elevatedfineparticleconcentrationsarethemainreasontheNES
forPM10isexceeded.InNewZealand,noPM2.5standardexistsand
these results suggest that this isa significantoversightgiven the
highfineparticleconcentrationsobservedduringthisstudy.Ifthe
results are compared with the standard recommended by the
WorldHealthOrganization (25μgm–3), six exceedencesoccurred
during ourmonitoring. Only one day would have exceeded the
United States PM2.5 standard of 35μgm–3. In comparison with
othercommunities,theaveragePM2.5concentration inMasterton
during thewinter is higher than in Kurkimaki, Finland (8μgm–3)
(Hellen et al., 2008), similar to five communities (Missoula,
Belgrade, Butte, Hamilton, Helena) inMontana, USA (Ward and
Lange,2010)andmuchlowerthaninLibby,Montana(28.2μgm–3)
prior to a community–widewoodstove changeout and after the
changeout(21.2μgm–3)(Wardetal.,2011).

Onaverage,carbonaceousspeciesmadeup77%ofthePM2.5
and66%of thecarbonaceousaerosolwasOC.Both,OC (r2=0.96)
andEC(r2=0.96)concentrationsshowedexcellentcorrelationwith
PM2.5 concentrations during the study. The large contribution of
carbonaceous species to ambient PM2.5 and the excellent correͲ
lationsofOCandECtoPM2.5suggestthatcombustionsourcesare
thedominantcontributorstoPM2.5.Whilemotorvehicleemissions
areasourceofcarbonaceousaerosol,thestrongcorrelationsofOC
andECwithPM2.5,thestableisotopeanalysisdiscussedbelowand
results from a receptor modeling study (Ancelet et al., 2012)
indicatethatresidentialwoodcombustion isthedominantsource
ofthecarbonaceousaerosolsmeasured inthisstudy.Thehighest
TCcontributionstoPM2.5concentrationswerefoundondayswhen
theNESwasexceededornearlyexceeded.Onthesedays,TCmade
up81%ofthePM2.5onaverage,withamaximumcontributionof
89%. The contribution of TC to ambient PM2.5 in this studywas
similartothatobservedinLibby,Montana(Wardetal.,2011).

Stable isotope analysis of PM2.5 samples yielded ɷ13C values
ranging from –24.9 to –27.6‰. The ɷ13C values are within the
expectedrangeforwoodcombustionemissions(Limaetal.,2005;
Jordan et al., 2006), and are in good agreement with values
obtainedfromtheanalysisofwoodburningapplianceemissionsin
NewZealand(Anceletetal.,2011b).

3.2.Particle–phasePAHs

Average particle–phase PAH concentrations measured in
Mastertonarepresented inTable2.The totalaverageconcentraͲ
tionof the 17PAHsquantifiedwas 38.9±25.9ngm–3, accounting
for 0.3% of the PM2.5. Fluoranthene and pyrenewere themost
abundantparticle–phasePAHs,with concentrations ranging from
13.5–0.6ngm–3 and 12.6–0.5ngm–3, respectively. Particle–phase
PAHconcentrationsforthe16PAHsclassifiedasprioritypollutants
by theUSEPA displayed a similar trend to emissions fromwood
burning appliances commonly used in New Zealand for home
heating purposes (Ancelet et al., 2010; Ancelet et al., 2011b).
These studiesutilizedavarietyofwood typescommonlyusedas
fuelfordomesticheatinginNewZealand.Thesimilaritiesobserved
inthePAHprofilessuggestthatresidentialwoodcombustionisthe
primarysourceofparticle–phasePAHsinMasterton.Inagreement
with this suggestion, retene, a molecular marker for wood
combustion (Ramdahl, 1983), was quantified and displayed an
excellentcorrelation(r2=0.97)withPM2.5concentrations.

Table 2.Average particleͲphase PAH concentrations±associated standard
deviationsobtainedfromTD/GC/MS
PAH No.ofrings Concentration(ngmͲ3)
Naphthalene 2 0.3±0.1
Acenaphthylene 3 0.2±0.1
Acenaphthene 3 0.2±0.1
Fluorene 3 0.1±0.1
Phenanthrene 3 1.4±1.0
Anthracene 3 1.1±0.8
Retene 3 2.4±1.7
Fluoranthene 4 6.0±3.5
Pyrene 4 5.3±3.3
Benzo[a]anthracene 4 4.2±2.8
Chrysene 4 4.2±2.8
Benzo[b]fluoranthene 5 1.1±0.8
Benzo[k]fluoranthene 5 0.9±0.7
Benzo[a]pyrene 5 4.1±2.7
Indeno[1,2,3Ͳc,d]pyrene 6 2.8±2.3
Dibenz[a,h]anthracene 5 1.5±1.0
Benzo[g,h,i]perylene 6 3.1±2.1
SumofPAHs  38.9±25.9

Figures2 and 3 present plots of OC and EC concentrations
versusthesumofPAHconcentrationsandthesumofPAHconcenͲ
trations versus PM2.5 concentrations, respectively. PAHs were
highlycorrelatedwithOC,ECandPM2.5concentrations;consistent
with the suggestion that residential wood combustion was the
dominantsourceofPMduringthesampling.

4.Conclusions

This study characterized carbonaceous aerosols during the
winterinMasterton,NewZealand.WoodcombustionforresidenͲ
tial heating is common during thewinter inMasterton and the
resultsofthisstudysuggestthatbiomassburningisthedominant
source of PM2.5. PM2.5was the largest contributor tomeasured
PM10 concentrations, with an average contribution of 64%.
Carbonaceousspeciesmadeup47and77%ofthePM10andPM2.5,
respectively.Organiccarbonandelementalcarbonconcentrations
showedexcellentcorrelationwithPM2.5concentrations,suggesting
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that residential wood combustion was the dominant source of
PM2.5 during the study. Stable isotope analysis of the PM2.5
supported this conclusion, yielding values ranging from –24.9 to
–27.6‰,within theexpected range forwood combustionand in
goodagreementwithpreviousresultsobtainedfromwoodburner
emissionssamplinginNewZealand.

Figure2.PlotofOCandECconcentrations(ngmͲ3)versusthesumof
PAHconcentrations(ngmͲ3).

Figure3.PlotofthesumofPAHconcentrations(ngmͲ3)versusPM2.5
concentrations(μgmͲ3).

Particle–phasePAHsmadeup0.3%ofthePM2.5anddisplayed
concentrationprofilessimilartothoseobtainedfromwoodburner
emissions sampling inNew Zealand.Retene, amolecularmarker
forwoodburning,wasquantifiedandinconjunctionwiththePAH
concentrationprofilessuggestedthatwoodcombustionemissions
werethemostsignificantsourceofparticle–phasePAHs.

This study has demonstrated that in communities where
residentialwoodcombustion iscommon,aPM10standard is likely
notprovidingasufficientmeasureofthepopulation’sexposureto
potentiallyharmfulconcentrationsofparticles.Over theduration
of the study, twoexceedancesof theNewZealandNES forPM10
occurredandtheseexceedancesweretheresultofhighlyelevated
PM2.5 concentrations. New Zealand does not have a national
PM2.5standardand the resultsof thisstudysuggest that this isa
major oversight with potentially harmful consequences to the
public.

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